We describe the use of a multi-aperture Hartmann mask coupled to a slightly out-of-focus focal plane array imager to monitor atmospheric turbulence ('seeing') produced by refractive index fluctuations. The imager (a CCD) is located inside or outside the focal surface of the imaging system so that each sub-aperture of the Hartmann mask produces an image well separated from all of the other images produced by the mask. Since the depth of focus of the sub-apertures is an order of magnitude larger than that of the parent optical system, the individual images are still diffraction-limited. We obtain short (10 to 100 msec) exposures and monitor the position fluctuations of the images. Analysis of the position and intensity fluctuations of the images can be used to determine the atmospheric parameter ro, the wind direction and velocity, and, under some circumstances, the distance of the turbulent layer from the observing site.
Introduction
Atmospheric turbulence, which limits the angular resolution of large telescopes, also produces random motion of the diffraction-limited image formed by a sufficiently small aperture. Several methods have been used to quantitatively measure the amount of turbulence above a telescope. These include direct measurements of image motion in the focal plane of a telescope (Martin 1987) and differential image motion measurements (Sarazin & Roddier 1990; Shestakov et al. 1990 ). Direct image motion measurements suffer from confusion of turbulenceinduced motion with motion induced by telescope vibrations.
Differential image motion monitors (DIMMs) consist of optical systems in which light that passes through two widely separated small apertures is separated by means of small prisms before falling on a detector array. The light from a single star that illuminates each sub-aperture samples a different column of air. The light cones produced by each aperture are displaced by the prisms so that each sub-aperture produces a well separated image in the focal plane. Turbulence-induced phase fluctuations in front of each sub-aperture produce small-amplitude excursions in the location of each sub-image. Common-mode motion, such as telescope vibrations, affect each image in the same way while turbulence induces differential motions in the subimages. Thus variations in the image separations can be used to obtain a quantitative estimate of the turbulence-induced phase fluctuations.
For Kolmogorov turbulence, the phase structure function, i.e. the mean squared differential phase error between two points separated by a distance r in the aperture plane of a telescope, is given by
where ro, the Fried (1965) parameter, is a measure of the seeing quality. For apertures much smaller than ro, wave fronts are approximately plane parallel and can be represented as tilted planes with respect to an unperturbed phase front. T h e phase front tilt produces an angular displacement in the apparent locations of star images. For sub-aperture separations larger than r 0 , the phase front tilts become decorrelated, resulting in differential image motion. The root-mean-squared (rms) image motion obtained from a pair of sub-apertures, each with a diameter D and separation d, is given by (Sarazin & Roddier 1990) 
for the differential longitudinal motion (motion along the projected separation of the sub-apertures), and
for the differential transverse motion (motion orthogonal to the projected separation of the sub-apertures). Therefore, a measure of o\ and a t can be used to estimate ro, which is related to the image full width half maximum (FWHM) obtained on a long exposure with a large aperture by FWHM = 0-98A/r 0 . DIMM measurements need to be obtained with sufficiently short exposure times to 'freeze' the image motion. To first order, the phase front tilts are changed by wind, which advects the turbulent cells across the telescope sub-apertures. To 'freeze' image motion, the exposure time must be less than t = ro/v w , where v w is the wind velocity. For typical 5 m s " 1 winds and ro = 10 cm, £ e xp < 20 ms.
A zeroth-magnitude star in the Johnson V band (visual wavelength range) produces a flux of about iV 7 = 10 4 photons -1 n m -1 c m -2 . Our setup uses either unfiltered CCDs or broad-band filters with a pass-band of about 100 nm and D = 2 cm diameter sub-apertures. For an optical throughput efficiency product of the detector quantum efficiency (QE) and the total transmission of all of the optics (T), the number of photoelectrons detected in the stellar image is n e = iV 7 10-
where S n m is the effective passband in nanometres, and i e xp is the exposure time in seconds. Thus, for ^exp = 0-01 s, a 2 cm diameter sub-aperture, a 0th magnitude star, and [{QE) xT] = 0-3, we expect a detected photoelectron flux of about 9-4 x 10 3 counts in a 100 nm passband spread over the number of pixels that are required to cover the point spread function of the sub-aperture. Modern CCDs have read noises of order 2 to 20 electrons per pixel per read, so with an optimal choice of pixel scale, the above signal level provides a good determination of the stellar image position on bright stars.
Optical Layout of the H-DIMM
In this paper we present three modifications to the DIMM method as presented by Sarazin & Roddier (1990) and Vernin & Muhoz-Tufion (1995) . (1) We eliminate the use of prisms to separate the converging cones of light produced by each sub-aperture. Image separation is achieved by locating the detector out of focus with respect to the full-aperture optical system, but well within the depth of focus of each sub-aperture. (2) We replace the two subaperture DIMM mask with a multi-aperture mask (a Hartmann mask; see Figure 1 ) that provides a highly redundant determination of r 0 . (3) We eliminate the use of an image intensifier and use a direct imaging CCD, either in a slow-read mode or with a video frame rate. Our modifications permit a much simpler implementation of the DIMM method that can easily be used on existing telescopes. In addition to determining ro, the H-DIMM can be used to determine the wind direction and velocity at the turbulent layer, and, under some conditions, to obtain information about the altitude distribution of the turbulence.
Elimination of the Prisms by Defocusing
Elimination of the image separation prisms is possible because the depth of field of the sub-apertures is much larger than that of the parent optical system. For an aperture diameter D, wavelength A and focal length / , the depth of field is given by
where a « 1-22. Therefore, if the imaging CCD is displaced from best focus by an amount < AZ (either inside focus or outside focus), then the point spread function produced by each sub-aperture will be indistinguishable from perfectly focused subaperture images. However, the images produced by sub-apertures separated by a distance d become well separated when
When the detector is located at a distance Z from the focal plane of the imaging telescope, where Az < Z < AZ, all images of a star produced by subapertures separated by more than d from each other will be well separated in the image plane, and will be in nearly perfect focus. Under these circumstances, the turbulence-induced differential image motion is easy to determine from the fluctuations in the centroids of each image from one exposure to the next. An optimal ratio of image separation to diameter is achieved by locating the detector at Z as AZ from best focus.
The Hartmann Mask
Elimination of the prism in a DIMM enables a multi-aperture mask to be used effectively. A multi aperture mask consisting of n holes produces n(n-1) simultaneous baseline pairs on which to determine differential image motion. By plotting the variance of the image position fluctuations along all baselines, the scaling of the image motion with baseline length can be directly determined. If multiple baselines are observed simultaneously, the results can be directly compared to the predictions of equations (2) and (3). Deviations from the scaling law and variations in the variance on redundant baselines can be used to obtain two independent estimates of the measurement error resulting from a variety of sources (see below). Although many mask designs are possible, we favor an array of holes on a regular grid. Grids having triangular (or hexagonal) symmetry have the advantage that they sample nearly all directions in the sky with very nearly the same baselines (maximum deviations in baseline lengths are about 15% on a triangular grid and about 40% on a rectangular grid). The image shown in Figure  3 was obtained with a Hartmann mask having triangular symmetry 1 cm diameter holes, with a lattice constant of 2 cm.
Video Cameras and CCDs
We use either a Santa Barbara Instrument Group (SBIG) ST-6 CCD, or a commercial video camera (a CCTV corp. Model CCD-500E). The ST-6 has 23x27/xm pixels (slightly rectangular aspect ratio) and a 242x375 pixel format, while the video camera uses a 720x486 pixel NTSC format output. The video camera has a sensitivity of 0 • 001 footcandles (0-01 lux). ST-6 frames are read into an Intel 486 PC through its RS-232 serial port, with a maximum rate of 115 kbps. This produces a serious limitation to the maximum frame rate that can be obtained.
Although exposures can be as short as 0-01 s, the maximum frame rate is about 1 frame every 10 s. Thus only a statistical sample of the turbulenceinduced image motion can be obtained. With the video camera, we record the NTSC signal at 60 frames per second with a Sony CVD-1000 Hi-8 video recorder. This tape deck can be controlled from a Macintosh Quadra 840-AV computer which controls the playback of the tape and digitises a sequence of frames. A program that finds the centroid of each image obtained with the H-DIMM analyses the data stream, providing a running estimate of the image position fluctuations.
Centroiding Accuracy with the H-DIMM
The precision of a seeing estimate depends upon the total number of observations and the accuracy of centroid determination. The accuracy of centroid determination depends on the total number of stellar photons from each sub-aperture recorded in each exposure, the sum of all sources of detector noise such as dark current and read noise, the flux of background photons, errors produced by pixel-topixel gain variations (to the extent that they are not removed by flat-fielding), and intra-pixel sensitivity variations (Jorden, Deltorn & Oates 1994) .
The error in the determination of the coordinates of a star image can be parametrised in terms of the signal-to-noise (S/N) ratio of the stellar image where the noise is the weighted (by the point spread function of the stellar image, produced by each sub-aperture) sum of the noise in each pixel over which the stellar image is spread. The noise thus increases as the square root of the number of pixels over which the stellar image is spread and is proportional to the area of the stellar image.
We performed a numerical simulation to determine the accuracy to which the positions of randomly .
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Figure 2-(a) Centroiding error, no intra-pixel variations; (b) centroiding error with intra-pixel variations.
placed stellar images can be measured in the presence of noise as a function of the pixel scale (measured in units of the FWHM of a Gaussian stellar pointspread function). When the pixel size is much larger than the FWHM, it is not possible to tell where on the pixel the stellar image falls. When the pixel size is much smaller than FWHM, the S/N ratio is very small in each pixel and noise dominates the error in the determined image centroid. Figure 2 shows the centroiding error (in units of a pixel size) from a set of simulations in which we vary the FWHM of the sub-aperture point spread function in units of X plx , the pixel size, and the total S/N of the image (shown by the various lines). The left-hand plot shows the centroiding error assuming a uniform pixel sensitivity. The right-hand plot shows the effect of non-uniform intra-pixel sensitivity. We vary the point-to-point sensitivity by a factor of 2 across the pixel as a linear ramp.
With no intra-pixel sensitivity variations, the optimum pixel scale is such that the FWHM of a Gaussian stellar point spread function should correspond to about 1-2 to 1-6 pixels. The pixels should be smaller (to provide better oversampling of the image) in the presence of intra-pixel sensitivity variations. For our model, we chose a worst-case scenario of a factor of 2 gain variation across a typical pixel: the FWHM should then be sampled by 2 to 3 pixels. If smaller pixels are used, the centroiding error increases. Thus, the effective focal length (/efi) of the optical system producing the sub-images should be set with a Barlow lens or focal reducer so that
where a is between 2 and 3 (in the presence of intra-pixel variations), X p [ x is the pixel scale, and D is the sub-aperture size. For 25 /xm pixels, D = 2 cm, and A = 0-5 //m, / e fl should be 200 to 300 cm (//10 to / / 1 5 for a 20 cm aperture telescope such as a Celestron 8).
Although temperature variations may slowly alter the defocus of the detector, producing a change in the relative separation of the sub-images, the image scale, which depends only on the effective focal length, remains unaffected. Therefore, as long as the time interval over which the image centroid fluctuations are determined is much shorter than the timescale over which the focus changes by a measurable amount, the H-DIMM provides a faithful measure of atmospheric turbulence.
Turbulence Analysis with the H-DIMM
From the data stream, we obtain estimates of the transverse and lateral image position fluctuations. We use equations (2) and (3) to determine a running estimate of TQ.
Observations with the H-DIMM often show pronounced intensity variations that are correlated amongst the sub-apertures with small separation. This scintillation pattern moves coherently across the Hartmann pattern at the wind velocity. The drift rate and direction of the intensity pattern can be used to determine the wind velocity and direction at the turbulent layer.
In the absence of significant scintillation, the wind velocity and direction can be determined from a cross-correlation of the differential image motion from a series of images. A given turbulent cell that has a well determined phase front is advected by the wind across the aperture mask. Thus a given image shift moves from one sub-aperture to the next. We can measure the wind velocity and direction by looking for the motion of a constant image displacement across the Hartmann mask. Bright binary stars can be used to constrain the altitude at which the bulk of the turbulence occurs. Each component of the binary produces a separate image through each sub-aperture. Once the beams become separated by a value comparable to ro, the beams that pass through a given aperture see different phase tilts, and the two components of the binary observed through a given aperture show uncorrelated motion. Assuming a monolayer of turbulence, the height of the turbulent layer must be less than h = 2 x 10 5 ro/a" if the image motions are correlated, and the height must be greater than h if the image motion is decorrelated (where a" is the double star angular separation in arcsec).
The cross-correlation function of the star's scintillation pattern (the amplitude produced by each sub-aperture) along with their angular separation can be used to determine the altitude of the turbulence, similar to the SCIDAR technique described in Vernin & Munoz-Tunon (1992) . The H-DIMM technique also provides a vector field of the motions of the sub-aperture images relative to a mean position for each star. This vector field can be used in a manner similar to the scintillation data to independently estimate the altitude of the turbulent layer. Figure 3 shows an H-DIMM image obtained using a video camera with a 20 cm / / 1 0 telescope at the Sommers-Bausch Observatory on the Boulder campus of the University of Colorado. The left-hand image shows a single frame while the right-hand image shows the result of subtracting two images obtained about 60 s apart. The slight asymmetry in the H-DIMM image (left) is the result of collimation errors in the telescope. Scintillation can be seen as subtle intensity variations in the first frame and differential image motion is clearly seen in the second. Analysis of the data from this run indicated that ro was about 2.2 cm, corresponding to a median seeing disk diameter of about 4.7 arcsec.
Example of Seeing Measurements with the H-DIMM
The H-DIMM method was first used at the South Pole in 1995 January with a 6 in / / 1 0 refractor (the Volna telescope) using a three-aperture mask. During 1995 we are using an H-DIMM mounted on the SPIREX telescope that is now located on top of a tower next to the CARA building at the South Pole, well isolated from local heat sources. We will be obtaining H-DIMM measurements using a video camera with the 24 in SPIREX telescope and through a Celestron 11 in telescope that is mounted on the side with an ST-6 camera. Results from these measurements will be given elsewhere.
